The growth of plants, like that of other walled organisms, depends on the ability of the cell wall to yield without losing its integrity. In this context, plant cells can sense the perturbation of their walls and trigger adaptive modifications in cell wall polymer interactions. Catharanthus roseus receptor-like kinase 1-like (CrRLK1L) THESEUS1 (THE1) was previously shown in Arabidopsis to trigger growth inhibition and defense responses upon perturbation of the cell wall, but so far, neither the ligand nor the role of the receptor in normal development was known. Here, we report that THE1 is a receptor for the peptide rapid alkalinization factor (RALF) 34 and that this signaling module has a role in the fine-tuning of lateral root initiation. We also show that RALF34-THE1 signaling depends, at least for some responses, on FERONIA (FER), another RALF receptor involved in a variety of processes, including immune signaling, mechanosensing, and reproduction [1] . Together, the results show that RALF34 and THE1 are part of a signaling network that integrates information on the integrity of the cell wall with the coordination of normal morphogenesis.
SUMMARY
The growth of plants, like that of other walled organisms, depends on the ability of the cell wall to yield without losing its integrity. In this context, plant cells can sense the perturbation of their walls and trigger adaptive modifications in cell wall polymer interactions. Catharanthus roseus receptor-like kinase 1-like (CrRLK1L) THESEUS1 (THE1) was previously shown in Arabidopsis to trigger growth inhibition and defense responses upon perturbation of the cell wall, but so far, neither the ligand nor the role of the receptor in normal development was known. Here, we report that THE1 is a receptor for the peptide rapid alkalinization factor (RALF) 34 and that this signaling module has a role in the fine-tuning of lateral root initiation. We also show that RALF34-THE1 signaling depends, at least for some responses, on FERONIA (FER), another RALF receptor involved in a variety of processes, including immune signaling, mechanosensing, and reproduction [1] . Together, the results show that RALF34 and THE1 are part of a signaling network that integrates information on the integrity of the cell wall with the coordination of normal morphogenesis.
RESULTS AND DISCUSSION

THE1 Is a RALF34 Receptor
Recently, several members of the CrRLK1L family were identified as receptors for RALF peptides: FER for RALF1 and RALF23 [2, 3] and ANX1/2 and BUPS1/2 for RALF4 and 19 [4] . We therefore investigated whether THE1 could act as a receptor for other RALF family members. Six synthetic peptides corresponding to mature RALF peptides predicted to be expressed during seedling development [5, 6] , were screened for their ability to inhibit root growth in Col-0 and the loss-of-function mutant the1-1 (encoding inactive THE1
G37D
; Figure 1A ) [7] . Except for RALF32, these peptides significantly inhibited root growth of Col-0 ( Figures 1B, 1C , and S1A). Interestingly, among the five active peptides, only RALF34 failed to inhibit root growth in the1-1 ( Figure 1B ). Another loss-of-function allele the1-6 (carrying a stop codon at position S53) [8] but also the hypermorphic allele the1-4 (carrying a T-DNA insertion at position 466, removing the cytoplasmic domain) [8] and a line overexpressing THE1:GFP showed reduced sensitivity to RALF34 ( Figure 1B ). These results indicate that the mutations in THE1 are causal for the tolerance to RALF34-mediated root growth inhibition. It is not clear, however, why the hypermorphic allele and the overexpression of THE1:GFP also prevented the response to RALF34. RALF34 is a 56-amino-acid basic (pI = 11.08) peptide, which, like many other RALFs [5] , is predicted to be cleaved from its acidic prodomain by a subtilisin-like protease at the recognition site RRXL ( Figure S1H ). Among the 36 predicted RALF peptides in A. thaliana, RALF34 is the only representative of clade III(C) and has orthologs throughout the plant kingdom, suggesting a conserved function [5] . Both RALF34 and THE1 are expressed in vegetative tissues, and the expression pattern of RALF34 is most similar to that of THE1 among the RALF and CrRLKL1L genes analyzed ( Figure S2A ). The overlapping expression was further confirmed using promoter-reporter lines. In the root ( Figure 2H ), the nuclear P RALF34 ::N:3xRFP signal was present in epidermis, in pericycle cells during lateral root initiation (where it preceded the first formative cell divisions) [9] and emerging lateral roots. P THE1 ::N:3xVENUS signal was observed throughout the central cylinder, including the pericycle and in emerging lateral roots ( Figure 2H ). In the hypocotyl ( Figure S2B ), P THE1 ::N:3xVENUS was expressed in all cell types within the elongation zone ( Figure S2D ) whereas P RALF34 ::N:3xRFP was present only in the epidermis but throughout the organ (Figure S2C ). The expression of the two genes in the hypocotyl therefore overlapped in the epidermis within the rapid growth zone.
Consistent with the expression pattern in the root, RALF34 plays a role in lateral root initiation [9] . Specifically, ralf34 partial loss-of-function mutants showed an increased density and irregular spacing of stage 1 lateral root primordia as well as aberrant formative asymmetric pericycle cell divisions ( Figures  2B and 2D) . Interestingly, loss-of-function alleles the1-1 and the1-6 also showed an increased proportion of stage 1 lateral root primordia, relative to the wild-type (WT) (Figures 2C and  2D ) and atypical stage 1 lateral root primordia displaying extra anticlinal pericycle cell divisions ( Figures 2C and 2D) . We also observed, especially in the1-1 and the1-4, unusual positioning of lateral root primordia, such as very close to each other or stage 1 lateral root primordia close to a more mature lateral root ( Figures 2E and 2F ). The strikingly similar phenotypes for ralf34 and the1 mutants suggest that RALF34 signaling was, at least in part, THE1 dependent. Interestingly, the hypermorphic allele the1-4, 35S::THE1:GFP and 3 independent 35S::RALF34 overexpression lines ( Figures 2D, 2G , and S2F) showed the same phenotype as the loss-of-function alleles. This is consistent with the observations regarding primary root growth inhibition by RALF34 and suggests that the spatiotemporal pattern and the dosage-dependent regulation of THE1 and RALF34 activity is critical for normal signaling in these contexts.
We next investigated whether THE1 might be a receptor for RALF34. We used micro-scale thermophoresis (MST) [10] to study the binding of peptides RALF34 and RALF1 to the fluorescently labeled ectodomains of, respectively, THE1 (ecto-THE1) and the mutant version THE1 G37D (ecto-THE1m; corresponding to the inactive the1-1 allele), produced in insect cells. RALF34 specifically bound ecto-THE1, with a high signal-to-noise ratio and a K D in the micromolar range, whereas RALF1 as a negative control did not show saturable binding to ecto-THE1 ( Figure 1D ). RALF34 also bound equally well to ecto-THE1m ( Figure 1D ), which carries a mutation in the highly conserved G37 residue [7] ( Figure 1A ). In the absence of a RALF34 binding defect of ectoTHE1m, it will be interesting to see whether the G37D mutation affects the binding to other protein or polysaccharide components of a THE1 signaling complex. Interestingly, RALF34 binding was pH sensitive: binding was highest at pH 7.8, reduced at pH 6.9, and absent at pH 6.5 ( Figure S1D ), in contrast to RALF1, (E and F) RALF34 (E)-or RALF1 (F)-induced alkalinization of the growth medium: time course of the pH of the growth medium, determined using the proton secretion assay, of WT(Col-0) and the1-6 seedlings after mock, RALF34, or RALF1 treatment (error bars = SD; n R 4; unpaired Student's t test; *p < 0.05, **p < 0.01).
(G and H) (G) RALF34-and (H) RALF1-induced transient increase in cytosolic Ca 2+ , monitored with BRET-based sensor G5A in WT and the1-1 background (error bars = SE; n = 4). RLU, relative luminescence units. See also Figure S1 .
which did not show a reproducible interaction at pH 7.8 or at pH 6.9 ( Figure S1D ). The in vivo relevance of the pH dependency of RALF34 binding was suggested by the complete loss of RALF34-induced (but not of RALF1-induced) root growth inhibition in the presence of the apoplast-acidifying drug fusicoccin [11] ( Figure S1E ). The alkaline pH dependence for RALF34 binding to ectoTHE1, combined with the RALF34-promoted alkalinization of the apoplast, suggests a possible involvement of the RALF34-THE1 signaling module in an amplification loop as described, for instance, in Turing's reaction-diffusion mechanisms [12] . Together, our data support a role for THE1 as a pH-dependent receptor for RALF34. THE1 is not the only receptor for RALF34; the peptide also binds to ANX1/2 and BUPS1/2 receptor kinases, which form a complex in the pollen tube. RALF34 is expressed in the ovule and not in the pollen tube but competes with pollen-tube-specific RALF4 and RALF19 for binding to ANX1/2 and BUPS1/2 to regulate pollen tube growth and sperm cell release [13] . RALF34 therefore may constitute a spatial paracrine signal from the female gametophyte that triggers pollen tube rupture and release of the sperm cells, by interfering with the autocrine cell wall integrity maintenance system [13] . This indicates a complex signaling system, which is dependent on the spatiotemporal expression of RALF34 and its receptors but likely also on other proteins in the signaling complex.
Concerning the specific role of the RALF34-THE1 signaling module in lateral root initiation, we can only speculate at the moment. Cell wall remodeling plays an essential role during lateral root organogenesis [14] [15] , and it is possible that RALF34-THE1-mediated signaling is part of the regulatory mechanisms coordinating cell wall integrity and cell division during lateral root initiation. Alternatively, it is possible that RALF34-THE1-induced changes in apoplastic pH interfere with auxin flow and, as such, impact the cell division pattern underlying lateral root initiation.
RALF34-THE1-Induced Cellular Responses
The identification of RALF34 as the THE1 ligand allowed the cellular responses of the activated receptor to be studied. Like for RALF1 [2] and other RALF peptides [16] , RALF34 promoted the alkalinization of the growth medium of light-grown seedlings as measured using a proton secretion assay [2] (Figure 1E ). This response was absent in the1-6 ( Figure 1E ) and the1-1 (Figures S1F and S1G), whereas RALF1 was equally active in WT and the1-6 ( Figure 1F ). To assess the role of THE1 in Ca 2+ signaling, we used the cytosolic Ca 2+ reporter G5A [17] . RALF34 induced a rapid increase in cytosolic Ca 2+ in the WT, but not in the1-1 ( Figure 1G ), whereas RALF1 triggered a Ca 2+ response also in the1-1 ( Figure 1H ), but with a reduced amplitude, relative to the WT, indicating that THE1 quantitatively affects this RALF1 response in contrast to the other RALF1 responses that we studied. Together, the results show that RALF34 triggers THE1-dependent cellular responses that are comparable to those induced by the FER ligand RALF1 [2] , suggesting an early convergence of the signaling pathways. We next investigated to what extent the corresponding signaling pathways interact.
THE1 and FER Signaling Interactions
The loss-of-function fer-4 mutant showed, consistent with a role for FER as a RALF1 receptor, resistance to root growth inhibition by RALF1 [2] but, surprisingly, also by RALF34 ( Figures 1B and  1C ) and the three other active RALF peptides tested ( Figure S1A ). More information on the THE1-FER relationship came from the study of the expression of two genes that are rapidly upregulated upon RALF1 treatment (AT1G80840 and AT4g14365, encoding transcription factor WRKY40 and putative ubiquitin ligase XBAT34, respectively; Figure 3A ) [2] . Treatment (for 1 hr) of WT seedlings with either RALF1 or RALF34 promoted the accumulation of both transcripts. In the1-1, RALF1, but not RALF34, promoted the expression of these genes, consistent with a role for THE1 as a RALF34 receptor. Also, as expected from its RALF- insensitive root phenotype, no induction was observed in fer-4 for either RALF1 or RALF34. Interestingly, however, in mock-treated fer-4, transcript levels of both genes were comparable to those in RALF-treated WT plants ( Figure 3A) . Finally, the double mutant the1-1/fer-4 was indistinguishable from fer-4 with respect to the gene expression pattern (and the adult phenotype; Figure S3A ). The constitutive expression of these RALF34-inducible transcripts in fer-4 and the1-1/fer-4 and not in the1-1 suggests that FER, in contrast to THE1, represses the expression of these genes and that this repression is overruled directly by RALF1 and indirectly through THE1 by RALF34 ( Figure S4C ). To understand this complex THE1-FER interaction, it should be noted that FER can adopt at least two active configurations associated with different signaling activities. Indeed, FER promotes innate immune signaling by acting as a scaffold for immune receptors and the co-receptor BAK1. This immune complex is disassembled upon binding to at least one FER ligand, RALF23 [3] . On the other hand, the RALF1-induced cytosolic Ca 2+ transients and cell surface alkalinization do not require BAK1 [18] . Together, these observations support a scenario (Figure S4C ) in which one form of FER (FER A in Figure S4C ), possibly associated with BAK1, represses the expression of a set of genes, including WRKY40 and XBAT34. RALF1 would convert FER A into FER B and thus promote a (BAK1-independent?) increase in cytosolic Ca 2+ and surface pH [2] . RALF34-activated THE1 might also impinge on FER, although a parallel pathway cannot be ruled out ( Figure S4C ). Another argument for the interdependence of THE1 and FER signaling came from the study of the RALF-induced cytosolic Ca 2+ transients. These responses ( Figures 1G and 1H ) undergo desensitization, as shown by the absence of a RALF1-induced Ca 2+ transient 10 min after a first RALF1-induced response or of a RALF34-induced transient after a RALF34 pretreatment ( Figure 3B ). Interestingly, treatment with RALF1 also prevented a subsequent Ca 2+ response to RALF34
and vice versa ( Figure 3B ). This did not simply reflect the depletion of the Ca 2+ stores because RALF34 and RALF1 responses were, respectively, not or only partially affected by a Ca 2+ -response-triggering pre-treatment with the immune elicitor flg22 ( Figures S3B and S3C ). This mutual desensitization suggests that the respective signaling pathways converge upstream of the Ca 2+ response, possibly through an interaction between the two receptors.
Finally, it should be noted that, in the1-4 ( Figure 1A ) [8, 19] , RALF34 still promoted WRKY40 and XBAT34 transcript accumulation ( Figure 3A) , indicating that the THE1 cytosolic domain is not required for the de-repression of the gene expression.
Cell Wall Integrity Signaling and the THE1-RALF34 Module A recent study showed the requirement for both CrRLKL1 receptor heteromers (ANX1/2-BUPS1/2) and its ligands (RALF4/19) for the maintenance of cell wall integrity in growing pollen tubes [4] [20], suggesting that these RALF peptides are an integral part of the cell wall monitoring mechanism. It is therefore of interest to see whether this is also the case for the THE1-dependent responses to cell wall damage. Such responses occur, for instance, during infection with certain pathogens [21, 22] or upon treatment with cellulose synthesis inhibitors (e.g., isoxaben) and include growth inhibition and accumulation of defense gene transcripts, ectopic lignin, reactive oxygen species (ROS), and the stress hormones jasmonic and salicylic acid [7, 23] . We first showed that both isoxaben and the RALF peptides induced the expression of the same reporter genes. We used a luciferase reporter construct driven by the upstream sequence of the gene At2g26530, which is upregulated in a cellulose-deficient mutant in a THE1-dependent way [7] (Figures 4A and 4B) . RALF34, RALF1, and the cellulose synthesis inhibitor isoxaben promoted luciferase activity in the growing zone of 4-day-old dark-grown hypocotyls, which corresponds to the expression domain of THE1 in this organ ( Figure S2B ) [7] . In the the1-1 background, this reporter did not respond to RALF34 and showed a reduced response to isoxaben but still responded normally to RALF1 (Figures 4A and 4B) . Treatment with RALF and isoxaben did not further enhance the response, suggesting that the two treatments impinge on the same pathway. In the the1-4 background, however, the response to RALF34 and RALF1 was comparable to that of the WT, and the isoxaben response was enhanced. This indicates that the cytosolic domain of THE1 is not required for the activation of the At2g26530 promoter by RALF1 and RALF34 and that it even has a negative effect on isoxabeninduced signaling. Similarly, isoxaben promoted an increase in WRKY40 and XBAT34 transcript levels, although with slower response kinetics than RALF1 or RALF34 (Figures 4C and 4D ). This isoxaben response was reduced and enhanced in the1-1 and the1-4, respectively, and absent in fer-4 or the1-1/fer-4 ( Figures 4E and 4F) . The mutant ralf34-1 was unaffected in the isoxaben response, relative to the WT ( Figures 4E and 4F) , and isoxaben treatment did not promote RALF34 transcript levels ( Figure S4A ). We also observed isoxaben-induced ectopic lignification [23] in the root elongation zone, the level of which was 
Conclusions
Overall, our results support that THE1 is a bona fide RALF34 receptor. This is shown by (1) the reduced sensitivity of the1 mutants for RALF34-induced root growth inhibition, surface alkalinization, cytosolic Ca 2+ transients, and reporter gene expression; (2) the overlapping expression domains of RALF34 and THE1; (3) the comparable lateral root phenotypes of ralf34 and the1 mutants; and (4) the specific binding (as determined by MST) of RALF34 to ectoTHE1 with an affinity matching the dose dependence of its biological activity. This study also supports a role for RALF34-THE1 signaling in a normal morphogenic event: the fine tuning of lateral root initiation. Future investigations will focus on the role of RALF34-THE1 in the perception of cell wall perturbations and how these signals are translated into changes in the rheology of the cell wall.
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Arabidopsis Col0 ABRC N/A the1-1 [7] N/A the1-4 [8] N/A the1-6 [8] N/A fer-4 ABRC GABI_106A06 ralf34-1 [6] N/A ralf34-2 (L. er) [6] N/
METHOD DETAILS Plant growth conditions
Culture medium and growth conditions of seedlings on solid medium and adult plants in the greenhouse were as described [7] . To measure root growth responses to RALF peptides, seeds were grown on 1/2 3 MS media plates positioned vertically for two days under constant light at 23 C. Seedlings were aseptically transferred to 500 mL 1/2 3 MS liquid media supplemented or not with RALF peptides and/or 1mM fusicoccin in a 24-well cluster plate (Falcon 3047Ò) and incubated at 24 C with mild shaking. Seedlings were recovered after 24 -48 hr incubation and their images were captured by an office scanner (Epson) or a camera on a dissecting microscope and analyzed using ImageJ.
Confocal microscopy
For the analysis of pRALF34::n:3xmCherry and pTHE1::n:3xVENUS in Figure 2H , we observed 6-to-7-day-old light-grown roots. Images were collected using a Leica TCS SP8 upright confocal microscope. Images were acquired with a HC PL APO CS2 40x/ 1.30 oil objective with the following parameters: image dimension (512 3 512), scanning speed (400Hz), line average (2 to 3), pinhole (1 airy unit), optical section (1.039 mm). cpVENUS was excited with a 514 nm diode laser line and mCherry with a 561 diode laser line. Fluorescence emission was collected with a 529 to 550 photomultiplier (PMT) setting for cpVENUS and a 602 to 630 PMT for mCherry. Laser power and gain settings for each PMT were slightly adjusted individually for each sample. Images were collected in 8-bits per pixel. Frame size of the image was $250 mm. Images were processed using Fiji software [30] [31]. Z stacks were acquired in order to determine the location of the labeled nuclei in the root tissues. All optical sections in the center of the root in Z, i.e., all tissues besides the epidermal cell layer on the upper and lower parts of the stack ( Figure 2H ), were projected onto a single image by applying a maximum intensity Z-projection with the Z project function in Fiji. For the graphs of Figure S2 , we observed 3-to4day-old dark-grown hypocotyls. A Region Of Interest (ROI) was manually defined on each image to number the nuclei in the center of the optical section in the hypocotyl or the lateral part which corresponds to the epidermal cells. Ectopic lignin quantification 6-day-old seedlings cultivated on half-strength MS medium with 1% sucrose were incubated for 16 h with 600nM isoxaben, and fixed with (3:1) 95% ethanol to glacial acetic acid under brief vacuum, and then incubated at RT for several hours until tissues appeared translucent. The fixative solution was then exchanged for water. The seedlings were mounted in a phloroglucino-HCl solution (VWR) 5 min prior to be photographed. The stained areas in the root tips were measured using ImageJ software.
Co-expression analysis AGI from CrRLK1L and RALF families were retrieved from TAIR and their co-expression analyzed with the Expression Browser from BAR Toronto (http://www.bar.utoronto.ca/) [33] using the AtgenExpress_Plus Extended Tissue Series microarray datasets (only RALF genes present on the ATH1 chip are displayed).
Luciferase assays
Seeds were sown in 24 well plates containing 500 ml 1/2 3 MS liquid medium and incubated at 23 C with mild shaking in the dark. After 4 days of growth, 2 mM RALF and/or 100 nM isoxaben were added to the medium. After 4 hours of treatment, seedlings were sprayed with a solution of 5 mM D-Luciferin, 0.1% Triton X-100. Images were acquired by a LAS-4000 CCD camera (Fujifilm) and quantified by ImageJ.
Cytosolic Ca
2+ assays Cytosolic calcium (Ca 2+ ) measurements were performed using transgenic Col0 or the1-1 seedlings overexpressing the BRET-based GFP-aequorin Ca 2+ reporter G5A [S12] using a coelenterazine-based method as described [34] . A TriStar LB 941 Multimode
Microplate Reader (Berthold Technologies) was used to follow luminescence emission during 20 minutes after dispensing 2 mM of corresponding RALF peptides or mock treatment using a multi-channel pipette. To select appropriate the1-1 G5A sensor lines, seven F 3 lines from the1-1 x Col0 G5A crosses were analyzed: 1M CaCl 2 was added to the wells and luminescence was recorded for 2 minutes using a Varioskan LUX Reader (Thermo Scientific), which allows rapid well-by-well injection. One line showing luminescence responses comparable to that of G5A in a WT background was selected ( Figure S1B ).
Proton secretion assay
Seedlings were vertically grown for five days on ½ x MS plates, 1% sucrose, 0,5% phytagel in continuous light at 23 C. Seedlings were transferred to a microwell containing 200 mL 1/2 x MS salts, 1% sucrose, pH6.6, and a pH indicator, fluorescein-Dextran conjugate (MW, 10,000, Sigma, 30 ug/mL). The reaction was terminated at selected time points by removing seedlings from wells, and fluorescent intensity (excitation at 485 nm, emission 518 nm,) of the medium was recorded with a microplate reader (Fluoroscan ascent, Thermo). A standard curve for pH was obtained for each time point and calculated using the same medium adjusted to various pH levels.
Q-RT-PCR assays
Sterilized seeds were added to 24 well plates (20/30/plate) in 500ml of 1/2 x MS medium + 1% sucrose, two wells per genotype (mock and RALF treatment) and stratified by incubating for 3 days at 4 C in the dark. Plates were transferred to culture room at 23 C, 200mM/m2s white light and incubated under gentle agitation for 4 days after which culture medium was removed and replaced with the same medium supplemented with mock, 4mM RALF peptides or for the indicated time. After removal of the medium, seedlings were quick-frozen in liquid nitrogen and stored at À80 C. RNA was extracted using QIAGEN RNAeasy kit (QIAGEN, Paris, France). Integrity of the RNAs was verified by electrophoresis. 2 mg of RNA was treated with RNA-free DNase and used for RT-PCR using the the RevertAid H using ingredients from ThermoFisher (Villebon-sur-Yvette, France). 10 ng of RNA was used for q-PCR. 3 technical repeats for each primer pair and 3 biological repeats for each sample. Transcript levels were calculated relative to the reference (ref) gene UBI4 according to the formula UBI4 (TGACACCATCGACAACGTGA and GAGGGTGGACTCCTTCTGGA), RALF34 ( Figure S4A ) (AGGACATGGCACTCTATTCG and TTCGAAGTTACGGAGGAAGA), RALF34 ( Figure S2F ) (TGGCAGCTT CGTCTCTCAA and TGGAGAGAAATGAAAGTGAGAAGAG), ACTIN (GGCTCCTCTTAACCCAAAGGC and CACACCATCACCAGAATCCAGC) and EEF1a4 (CTGGAGGTTTTGAGGCTGGTAT and CCAAGGGTGAAAGCAAGAAGA)
Sf21 insect cells expression and purification of ecto-THE-6His
The extracellular domain of THE (ecto-THE-6xHis) and the mutant version THE1G37D (ecto-THE1m), corresponding to the inactive the1-1 allele, were expressed in Spodoptera frugiperda Sf21 insect cells using the Bac-to-BacÒ HBM TOPOÒ Secreted Expression System (InVitrogen). The sequence of the ecto-THE1 (amino-acid 28 to 415), codon-optimized for insect cells, was cloned in pFastBac/HBM-TOPOÒ donor plasmid and transformed in competent EMBACY E. coli cells [26] . The purified recombinant bacmid was then transfected using XtremeGENE (ROCHE) reagent in Sf21 cells. The V1 recombinant baculovirus stocks were used to infect insect cells. For protein expression and secretion the Sf21 cells were grown at 27 C in the absence of serum. The cell culture medium was collected by centrifugation at 500 g for 10 min, after 4 days of culture. The supernatant was adjusted to pH 7.4 with PBS, 5% glycerol, 5 mM DTT, 5 mM imidazole and cOmplete Protease Inhibitor Cocktail (Roche) before purification using the cOmplete HisTag Purification Resin (Roche). After extensive washings with PBS pH 7.4, 5% glycerol, 5 mM DTT, 20 mM imidazole, the recombinant proteins were eluted with 200 mM imidazole. Protein purification was monitored by SDS-PAGE using NuPAGE 10% Bis-Tris protein gels run in MOPS buffer and western blotting with Anti-His6-Peroxidase (Sigma-Aldrich) and ecto-THE specific polyclonal antibodies and peroxidase-conjugated goat anti-rabbit IgG antibody (Sigma-Aldrich). Molecular weight markers: PageRuler Prestained Protein Ladder, Thermo Scientific. A broad band centered around 70 kDa was observed on SDS-PAGE ( Figure S1C ). The larger size than that predicted from the 420 amino acid sequence ($46 kDa) is possibly due to extensive glycosylation (ecto-THE1 has 16 predicted N-linked glycosylation sites). Images of the blots were acquired using the Clarity Western ECL Blotting Substrates (Bio-Rad) and the ImageQuant LAS 4000 detection system (Amersham Biosciences). Protein content of the purified fractions was quantified using the Thermo Scientific Pierce Micro BCA Protein Assay Kit.
Microscale Thermophoresis (MST) Binding Assays Molecular interactions between purified ecto-THE-6xHis or ecto-THE1the1-1-6xHis (here refered as ecto-THE1 and ecto-THE1m respectively) and RALF peptides were studied using MST. ecto-THE and ecto-THE1m, purified from insect cells, were labeled with the dye NT-647 Red-NHS (amine reactive) from NanoTemper, (Munich, Germany) according to the manufacturer's guidelines. The labeled protein was solubilized in MST buffer (50 mM Tris-HCl pH 7.8, 150 mM NaCl, 10 mM MgCl 2 , 0.05% Tween-20) and centrifuged at 10 000 g for 2 min at 4 C. For MST assays, a constant concentration of labeled ecto-THE1 in the range of 20 nM was titrated with increasing concentrations of RALF peptides. Mixtures of ecto-THE1/ecto-THE1m and RALF peptides were loaded into Monolith NT.115 MST Premium Coated Capillaries-NanoTemper, and incubated for 20 min at room temperature. Thermophoresis analyses were then performed with Monolith NT.115 (NanoTemper) at medium MST power and LED excitation power of 60% for ecto-THE1 and 40% for ecto-THE1m for fluorescence acquisitions. The data were then treated with MO.Affinity analysis v2.2.4 NT software (NanoTemper) to determine the interaction parameters. Signal-to-noise (S/N) ratios above 5 are considered significant as recommended by NanoTemper. Mean binding curves from minimum 3 independent MST measurements are shown; error bars are Mean Square Error (Affinity AnalysisSoftware, V2.2.4).
QUANTIFICATION AND STATISTICAL ANALYSIS
Number of repeats (n), sample sizes are given for each experiment in the figure legends. Statistical comparisons (Student's t test and Wilcoxon test) were conducted with R software.
